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ABSTRACT
Aims. The aim of this work is to understand whether there is a difference in the dispersion of discs around stars in high-density
young stellar clusters like the Orion Nebula Cluster (ONC) according to the mass of the star.
Methods. Two types of simulations were combined — N-body simulations of the dynamics of the stars in the ONC and mass
loss results from simulations of star-disc encounters, where the disc mass loss of all stars is determined as a function of time.
Results. We find that in the Trapezium, the discs around high-mass stars are dispersed much more quickly and to a larger
degree by their gravitational interaction than for intermediate-mass stars. This is consistent with the very recent observations
of IC 348, where a higher disc frequency was found around solar mass stars than for more massive stars, suggesting that this
might be a general trend in large young stellar clusters.
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1. Introduction
Our current understanding is that planetary systems
are formed from the material of the star-surrounding
protoplanetary discs and that the existence of a disc
is a prerequisite for the formation of a planetary sys-
tem. Not surprisingly there has been an increasing
number of observational studies investigating the fre-
quency of discs in young stellar clusters to address this
question (Hillenbrand et al.(1998), Lada et al.(2000),
Haisch, Lada & Lada(2001), Kenyon & Gomez(2001)).
The general trend seems to be that the disc frequency
decreases with the cluster age, but how quickly the disc
dispersal process occurs is still not certain because due to
observational constraints, the disc frequencies are often
only known within a relatively wide margin. It might be
that apart from the cluster age, factors like the presence
of massive stars contribute to the disc dispersal rate.
In a recent study of IC 348 by Lada et al.(2006) not
only the disc frequency was investigated but also its de-
pendence on the stellar mass. They found that the disc fre-
quency is higher for intermediate-mass stars (47%±12%)
than for massive stars (11%±8%) and low-mass stars
(28%±5%).
At the moment several disc destruction mechanisms
are under consideration, among them photevaporation
(Sto¨rzer & Hollenbach(1999)) and gravitational interac-
tions. Although favoured, photoevaporation mechanisms
Send offprint requests to:
tend to have difficulties matching the observed disc de-
struction timescales (Scally & Clarke(2001)).
Here we will concentrate on modelling the effect of
gravitational interactions. Our simulations of the disc
mass loss in the ONC show that high-mass stars lose
their discs to a larger degree and more rapidly than
intermediate-mass stars due to the gravitational interac-
tions of the cluster stars. This effect could be a general ten-
dency in all young clusters containing a sufficiently high
number of massive stars.
2. Model and Numerical technique
We follow the idea of Scally & Clarke(2001), combining a
simulation of the dynamics of the ONC to determine the
interaction parameters of close encounters between stars
in the cluster with results from studies of isolated star-disc
encounter simulations. The main differences are slightly
changed initial conditions of the cluster and a more de-
tailed treatment of the disc mass loss. The details of the
numerics can be found in Olczak et al.(2006). In contrast
to the latter study the emphasis in the current investiga-
tion is on the differences in disc mass loss for stars of low,
intermediate and high mass.
2.1. Cluster simulation
The dynamical model of the ONC presented here con-
tains only stellar components without considering gas
or the potential of the background molecular cloud
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Fig. 1. Temporal dependence of the average relative
disc mass loss for stars of different mass (black lines –
Trapezium, grey lines – entire ONC).
OMC 1. Cluster models were set up with a spheri-
cal density distribution ρ(r) ∝ r−2 and a Maxwell-
Boltzmann velocity distribution. The masses were gener-
ated randomly according to the mass function given by
Kroupa, Tout & Gilmore(1993) in a range 50M⊙ ≥M
∗ ≥
0.08M⊙, apart from θ
1COri, which was directly assigned
a mass of 50 M⊙ and placed at the cluster centre.
In an encounter list the information of all perturb-
ing events of each stellar disc was recorded during the
course of the simulation, i.e. both masses, the rela-
tive velocity and the eccentricity. The ONC was sim-
ulated for 13Myr – the assumed lifetime of θ1COri.
The cluster simulations were performed with nbody6++
(Spurzem & Baumgardt(2002)). The quality of the dy-
namical models was determined by comparison to the ob-
servational data at 1-2Myr, which marks the range of the
mean ONC age. The quantities of interest were: number
of stars, half-mass radius, number densities, velocity dis-
persion and projected density profile. Here we chose the
ONC to be in virial equilibrium; for more details of the
selection process, see Olczak et al.(2006).
2.2. Mass loss
In the event of a close encounter between young cluster
stars, the discs surrounding them can be severely dis-
turbed and either partially or completely destroyed. From
parameter studies for the disc mass loss in such encoun-
ters, Pfalzner et al.(2005) determined a fit formula. If one
has to deal with penetrating encounters and high mass ra-
tiosM∗2 /M
∗
1 , like in the ONC, the following more complex
Eq. 1
∆Md
Md
=
(
M∗2
M∗2 + 0.5M
∗
1
)1.2
log
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Fig. 2. The average relative disc mass loss at 2 Myr for the
Trapezium as a function of the stellar mass. The triangles
show the results assuming the disc radius to scale as in
Eq. 2 whereas the circles indicate the data for a constant
disc radius(150 AU).
× exp
{
−
√
M∗1
M∗2 + 0.5M
∗
1
[(
rp
rd
)3/2
− 0.5
]}
.(1)
is more suitable.
However, a number of assumptions were made
in these parameter studies: only two-body encoun-
ters were considered, the discs were assumed to be
of low mass (i.e., Md/M
∗ ≪ 0.1) and the surface
density to have a 1/r-dependence initially. In addi-
tion, Eq. (1) is for coplanar, prograde encounters only.
According to studies on inclined and retrograde star-
disc encounters (Clarke & Pringle(1993), Ostriker(1994),
Heller(1995), Pfalzner et al.(2005)), these approximations
mean that Eq. (1) can only be interpreted as an upper
limit of the disc mass loss. However, the degree to which
it overestimates the disc mass loss should be the same in-
dependent of the mass of the star, so that the quantitative
numbers could be reduced, but this should not change the
qualitative results presented here.
As the cluster consists of a wide spectrum of stellar
masses, the simulation results, valid for M∗1 = 1M⊙, are
generalized by scaling the disc radius according to
rd = 150AU
√
M∗1 [M⊙] , (2)
which is equivalent to the assumption of a fixed force at
the disc boundary. We will see in Section 3 what happens
if we assume the disc radius to be uncorrelated to the mass
of the star.
3. Results
Applying Eq. 1 to the results of the encounter track-
ing in 20 cluster simulations, we obtain the average disc
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Fig. 3. The average number of collisions that each star ex-
perienced up to 2 Myr is shown as black bars as a function
of the stellar mass for the Trapezium. For comparison the
average relative disc mass loss per encounter is shown for
the case of all discs initially being the same size.
mass loss as a function of time. Looking at the tem-
poral development of the disc mass of low-(M∗1 ≤ 1.0
M⊙), intermediate-(M
∗
1=1.0–10M⊙) and high-mass stars
(M∗1 > 10 M⊙) separately, Fig. 1 shows that massive stars
have a much higher disc mass loss than stars of lower mass,
which manifests itself very early on in the cluster devel-
opment. This is valid for the entire ONC but even more
so for the central Trapezium cluster.
Taking a snapshot at 2 Myr (the ONC age is estimated
to be 1-2 Myr and the IC 348 age to be 2-3 Myr), the solid
line in Fig. 2 shows the average relative disc mass loss as a
function of the mass of the star for the Trapezium region.
At 2 Myr the disc mass loss is ∼ 30% for intermediate-
mass stars whereas for stars with M∗=20 M⊙ it is ∼ 60%
and for higher mass stars close to 100%. This last value
has to be taken with some care because of the poor mass
loss statistics in this case.
Scaling the disc size with the star mass (Eq. 2) seems
intuitively right, but observational results do not give such
a clear picture: Although Vicente & Alves(2005) derive a
clear correlation between disc diameters and stellar masses
using a sample of proplyds from Luhman et al.(2000),
they see no indication for such a dependence in the data
of Hillenbrand(1997). However, as Vicente & Alves(2005)
pointed out, the present Trapezium is probably not in
its primordial state and various disc destruction processes
have most likely altered the disc sizes considerably.
If we assume that the disc size does not depend on the
stellar mass as in Eq. 2 but is instead 150AU for all stars,
this results in a somewhat smaller relative disc mass loss
for the massive stars and an increase for the low-mass stars
(see dashed line in Fig. 2). Nevertheless, it still holds that
the disc mass loss is considerably larger for massive stars
than for intermediate-mass stars. By contrast, for the low-
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Fig. 4. The average relative disc mass loss as a function
of the radial distance from the cluster center for low-mass,
intermediate-mass and massive stars at 2 Myr. Here the
disc size was assumed to be scaled. The dotted line indi-
cates the extent of the Trapezium region.
mass stars the relative disc mass loss is now higher than
for intermediate-mass stars, leaving the stars with masses
in the range 1-10 M⊙ as the ones with the lowest disc
mass loss in the cluster at 2Myr. This is consistent with
the observational results of Lada et al.(2006).
To illustrate the underlying reason for this difference in
relative disc mass loss, Fig. 3 shows the average number of
encounters and average relative disc mass loss in a single
collision as a function of the stellar mass. It can be seen
that the number of collisions is nearly constant for low-
and intermediate-mass stars but increases considerably for
high-mass stars. So for low-mass stars the mass-loss occurs
through a few strong encounter events, whereas the disc of
high-mass stars is removed via a steady nibbling by many
encounters with stars of lower mass.
Fig. 4 shows the average relative disc mass loss as a
function of the distance from the cluster center for low-
, intermediate- and high-mass stars for the entire ONC.
For distances r >0.25 pc the massive stars do not exhibit
higher disc mass loss than the low mass stars, but the
number of massive stars at such radii is in any case small
(3 stars with M∗ > 10 M⊙, 20 simulations), so that the
statistics in this region is poor.
During the last few years a number of massive stars
surrounded by high-mass discs (md >0.1 M
∗) have been
detected (Zhang (2005) and references therein). The ques-
tion is how would the above results change if all massive
stars had initially massive discs? As the interaction dy-
namics of high-mass discs is much less understood than
for low-mass discs, only an estimate can be given here. To
do so, we repeated the simulations with the assumption
that all stars of M∗ > 5 M⊙ are surrounded by a disc of
md=1 M
∗ by simply assuming that the disc particles are
all twice as strongly bound to their star, i.e. when Eq. 1
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Fig. 5. Average relative disc mass loss as a function of the
stellar mass assuming constant disc radius. Comparison
between the case where all discs are of low mass and with
the situation where all high-mass stars are surrounded by
massive discs.
is applied, M∗2 is replaced by M
∗
2 +md. This is obviously
a strong simplification and more detailed investigations
would be necessary in future. However, Fig. 5 shows that
although the stronger binding naturally leads to a smaller
disc mass loss for the massive stars than before, they still
lose a significantly higher proportion of their disc mass
than intermediate-mass stars. In this case the described
effect is thus only slightly weaker.
4. Summary and Discussion
In this article the relative disc mass loss induced by en-
counters between stars in a cluster has been studied for
the example of the ONC. The main result is that disc
around massive stars can be disrupted by close-by pas-
sages of stars with far greater efficiency than discs around
intermediate-mass stars. If we assume that the disc size
scales with the stellar mass, the relative disc mass loss is
even lower for low-mass stars. However, if the disc size is
independent of the stellar mass than low-mass stars have
as well a higher relative disc mass loss then intermediate-
mass stars in accordance with Lada et al.(2006). In this
case we found the minimum disc mass loss for stars with
3M⊙< M
∗ <10M⊙.
The reason for a higher disc mass loss for massive stars
is twofold: First, high-mass stars are found preferentially
in the cluster core (due to dynamical mass segregation)
where the stellar densities are higher and second the more
massive stars suffer larger disc mass loss than low-mass
stars in the same region (as Fig. 4 shows), a result that
can be traced (from Fig. 3) to the larger number of en-
counters suffered by these more massive stars. The grav-
itational focussing of low-mass stellar orbits by massive
stars enhances the encounter rate between the massive
star and other cluster members for any particular perias-
tron separation. So not only for the IC 348 as observed by
Lada et al.(2006) and the ONC investigated here, but gen-
erally there should be more intermediate-mass stars than
massive stars surrounded by discs in the inner regions of
high-density clusters, provided they contain a sufficient
number of massive stars.
In the inner cluster regions, discs around massive
stars are much more rapidly destroyed than around
intermediate-mass stars, so planetary systems should be
less likely to develop around massive stars. There the same
should hold for low-mass stars if the disc size is indepen-
dent of the stellar mass.
The result that regardless of the stellar mass, fewer
discs are destroyed at larger distances from the center,
does not necessarily mean a higher formation rate of plane-
tary systems there. It actually depends on the dominating
planet formation mechanism. If coagulation is the driving
force this would hold. If on the other hand, planet forma-
tion predominantly occurs via gravitational instabilities,
then the higher encounter rate close to the cluster center
might even promote planet formation in the cluster core
and possibly even dominate. However, this effect has not
been demonstarted to date.
In this paper we have concentrated on the de-
struction of discs caused by gravitational interac-
tions of the cluster stars. Another disc destruction
mechanism is photoevaporation (Johnstone et al.(1998),
Sto¨rzer & Hollenbach(1999)). At the moment it is not en-
tirely clear which mechanism dominates the disc destruc-
tion at a given cluster age. Most likely gravitational in-
teractions are more important during the first Myr and
photoevaporation later on. However, as the disc mass loss
is in both cases dependent on distance, qualitatively simi-
lar results - i.e. higher disc mass loss for the massive stars
- should be obtained in the photoevaporation process as
well.
Acknowledgments
We want to thank R.Spurzem for his help by providing the
Nbody6++ code for the cluster simulations. Part of the
simulations were done on the JUMP Regatta of Research
Center Ju¨lich.
References
Clarke, C. J., Pringle, J. E. 1993, MNRAS, 261 190.
Fisher, D. A., Valenti, J., Marcy, G., 2004, in Stars as Suns:
Activity, Evolution and Planets, ed. A. K. Dupree, A. O.
Benz, Dordrecht, Kluwer.
Haisch, K. E., Lada, E. A., Lada, C. J. 2001, ApJ, 553, 153.
Heller, C. H. 1995, ApJ, 455, 252.
Hillenbrand, L. A. 1997, AJ, 113, 1733.
Hillenbrand, L. A., Strom, S. E., Calvet, N., Merrill, K. M.,
Gatley, I., Makidon, R. B., Meyer, R. M., Skrutskie, M. F.
1998, AJ, 116, 1816.
Johnstone, D., Hollenbach, D., Bally, J. 1998, ApJ, 499, 758.
Kenyon, S. J., Gomez, M. 2001, AJ, 121, 2673.
Kroupa, P., Tout, C.A., Gilmore, G. 1993, MNRAS, 262, 545.
Pfalzner et al.: Discs around Massive Stars 5
Marcy, G. W., Butler, R. P., Fischer, D. A., Vogt, S. S., Wright,
J. T., Tinney, C. G., Jones, H. R. A., 2005 Prog. Theor.
Physics Suppl., 158, 24.
Mayor, M., Pont, F., Vidal-Madjar, A. 2005, Prog. Theor.
Physics Suppl., 158, 43.
Lada, C. J., Muench, A. A., Haisch, K. E., Lada, E. A., Alves,
J. F., Tollestrup, E. V., Willner, S. P. 2000, AJ, 120, 3162.
Lada, C. J., Muench, A. A., Haisch, K. E., Luhman, K. L.,
Allen, L., Megeath, T., Myers, P., Fazio, F., Wood, K.,
Muzerolle, J., Rieke, G., Siegler, N., Young, E. 2006,
astro-ph 0511638.
Luhman, K. L., Rieke, G. H., Young, E. T., Cotera, A. S.,
Chen, H., Rieke, M. J., Schneider, G., Thompson, R. I.
2000, ApJ, 540, 1016.
Ostriker, E.C. 1994, ApJ, 424, 292.
Olczak, C., Pfalzner, S., Spurzem, R., to be published in ApJ.
Pfalzner, S., Vogel, P., Scharwa¨chter, J., Olczak, C. 2005, A&A,
437, 976.
Pfalzner, S. 2004, ApJ, 602, 356.
Scally, A., Clarke, C. 2001, MNRAS, 325, 449.
Spurzem, R., Baumgardt, H. 2002, MNRAS, submitted.
Sto¨rzer, H., Hollenbach, D. 1999, ApJ, 515, 669
Vicente, S. M., Alves, J. 2005, A&A, 441 195.
Zhang, Q., in Massive Star Birth: A Crossroads of
Astrophysics, ed. R.Ceasaroni et al, (2005), CUP, p. 135.
